INTRODUCTION
Thermal fatigue failures of solder joints in electronic packages is of critical concern in the microelectronics industry. The cause of these failures is a combination of thermal fluctuations experienced by the package and the materials of differing thermal expansion coefficients used in the package. When an electronic package encounters thermal fluctuations cyclical strain is imposed upon the solder joints which eventually leads to joint failure.
The source of fluctuations that result in thermal fatigue can be either environmental (variations due to thermal variations in the ambient environment) or due to power cycling (thermal variations caused by heat dissipation of the device within the package). The failure of solder joints of electronic components due to thermal fatigue is well documentedl-15. To further complicate the thermal fatigue problem the trend in microelectronic packaging is towards larger integrated chips (and therefore larger chip carriers) surface mounted on circuit boards. As carriers become larger the strains imposed upon solder joints also increases thereby exacerbating failures in thermal fatigue.
Therefore the thermal fatigue behavior of solder joints must be better understood to alleviate the problem of thermal fatigue. A microstructural analysis of solder joints in thermal fatigue is the most appropriate method to perform this study.
The solder joints in an electronic package encounter a complicated state of strain in thermal cycling, although the primary strain state is in shear16. This would make a fundamental study of the microstructural evolution in thermal fatigue difficult to interpret on actual joints in an electronic package. Therefore for the work in this study a simplified solder joint was designed that experiences simple shear on thermal cyclingl7,18.
Previous studies on Sn-Pb solder joints show that a clear understanding of how solder joint microstructure influences thermal fatigue behavior is lacking. Conclusions as to the cause of thermal fatigue failures range from failure through interfacial intermetallics2. [19] [20] [21] [22] [23] to bulk solder failures3,5,7,12,24,2S. From these varied positions it is impossible to state conclusively what the cause of thermal fatigue failures is, and furthermore, how to eliminate or delay failures. Therefore the purpose of this study is to document, and understand, the microstructural development of 60Sn-40Pb solder joints in thermal fatigue in a shear configuration. These observations make it possible to characterize the microstructural causes of failures in thermal fatigue.
EXPERIMENTAL PROCEDURE
To perform thermal fatigue tests a specimen was designed that would impose strains on a solder joint under thermal cycling conditions. This design is shown in Figure 1 . The design consists of an aluminum plate sandwiched between two copper plates. The aluminum was plated with 0.05 mm (0.002 in) of Ni to act as a diffusion barrier, and a 0.025 mm (0.001 in) of Cu to give the solder joint a similar interface on each side. The specimens were manufactured as described in a previous paper18. The AI has a thermal expansion coefficient of 25 J,J.inlinoC while that of Cu is 16.6 J,Lin/inoC so upon thermal cycling a maximum strain is imposed upon the ends of the specimen and decreases linearly to zero in the center. The magnitude of strain imposed is increased by either lengthening the specimen or by decreasing the solder joint thickness. For the experiments in this study a maximum 19% shear strain was imposed on the joints at the ends of the specimen.
Thermal cycling was performed using the apparatus shown schematically in Figure 2 .
The device consists of a digitally controlled crane that automatically cycles specimens between two thermal baths. The high temperature bath consists of resistively heated oil with an accuracy of± 1 °C. The low temperature bath was made using ethyl alcohol cooled by a liquid nitrogen through a Cu coil with an accuracy of ± 5°C. The low temperature was controlled by varying the liquid nitrogen flow rate. The use of liquid baths had a two fold purpose. First, using a liquid medium reduces the oxidation specimens would receive in air, and thus eliminates a complication to the results.
Secondly, the liquid gives a rapid heat transfer which allows for an accelerated fatigue test. 
RESULTS

-55 t:' to 125 t:' Thermal Cycle
Thermal fatigue specimens, shown in Figure 1 with 10 mil (0.254 mm) thick 60Sn-40Pb joints, were thermally cycled between -55°C and 125°C up to 2000 cycles. The optical microstructure of these joints as a function of number of cycles is shown in Figure   3 . An interesting development in the microstructural evolution was found to occur after 625 cycles, the microstructure in the bulk solder heterogeneously coarsens parallel to the direction of shear in the regions of high shear strain at the ends of the specimen. This is shown clearly in Figure 4 which is a specimen after 684 thermal cycles. Both the Pb and Sn-rich phases coarsen. The coarsened Pb-rich phase is devoid of Sn precipitates. The coarsening is not associated with the Cu/solder interface, heterogeneous coarsened regions occur anywhere from near the interface to the center of the joint The coarsened regions show no preference to form either on the Cu or Al side of the joint. The coarsened regions initially are very thin but gradually increase in width as the number of cycles increases.
After 1000 cycles cracks develop in the heterogeneous coarsened region of the solder, shown in the TEM micrograph of Figure 8 . The Sn grains in the highly strained coarsened regions therefore grow larger than expected for thermal aging alone.
To determine the effect of joint thickness 60Sn-40Pb solder joint specimens of 20 mil (0.51 mm) thickness were also thermally cycled between -55oC and 125°C. By doubling joint thickness the shear strain was halved to 10%. The results of this experiment are shown in Figure 9 . Again heterogeneous coarsened regions develop throughout the solder. After 1000 cycles multiple coarsened regions occur parallel to the shear direction.
More than one heterogeneous region was obserVed in each sample. Despite the halved strain the joints fail, through the coarsened region, after 1000 cycles. This is the same as for the 19% shear strained samples. The failures again occur through the Sn-rich regions in an intergranular fashion.
High and Low Temperature Thermal Cycling
In an effort to determine the effect of the high and low portion of the thermal cycle the following experiments were performed. The full -55°C to 125oC cycle was split into two equal cycles of -55°C to 35oC and 35°C to 125°C. The specimen length was increased to induce a 19% shear strain on cycling. A 10 mil (0.254 mm) 60Sn-40Pb solder joint thickness was used in these experiments.
• 35°C to 125oC
The 35oC to 125oC cycle shows the effect of the high temperature portion of the thermal cycle. Furthermore this thermal fluctuation is representative of the temperatures encountered in the power cycling of an electronic package.
The optical microstructure of the 60Sn-40Pb joints as a function of the number of cycles between 35°C and 125°C is shown in Figure 10 . After 500 cycles the heterogeneous coarsened region develops in the center of the solder joint, in a fashion identical to that found for the full-55oC to 125oC thermal cycle.
Cracks develop in the coarsened regions after 1500 cycles. A higher magnification of these cracks is shown in Figure 11 . The cracks preferentially occur through the Sn-rich phase or at the interphase boundaries. Cracking occurs in the Ph-rich phase only when a path through the Sn is not available. The similarities between the full thermal cycle and the high temperature cycle indicate that coarsening and cracking is dependant on strain at elevated temperatures.
• -55°C to 35°C.
Cycling between -55oC and 35oC examined the behavior of the solder joint at the low temperature portion of the thermal cycle. Figure 12 shows the optical microstructure of the joint as a function of cycles between -55oC and 35°C. Heterogeneous coarsening is not as extensive for this low temperature cycling. However, a very thin heterogeneously coarsened region in the solder does develop after 1500 cycles. This coarsening is shown clearly in Figure 13 for the sample after 1500 thermal cycles. A coarsened region develops both parallel to the shear direction and between columnar cells of the solder.
Cracks develop in the thin coarsened regions, after 1500 cycles, and the cracks run through the Sn-rich regions or at interphase boundaries. Cracks were only observed within the coarsened regions.
Coarsening can occur at these low cycling temperatures because even at 35oC the solder is at 0.67 of its homologous temperature. With strain and temperature present at 35oC heterogeneous coarsening can occur but not to the same extent as at higher temperatures in the thermal cycle.
Thermal Cycling (-55 'C to 125 'C) of Unconstrained Bulk Solder
Unconstrained bulk 60Sn-40Pb solder was cycled between -55oC and 125oC to observe coarsening behavior as a function of temperature alone. Optical micrographs of the solder are shown in Figure 14 This indicates that the difference in expansion between solder and Cu is significant to the thermal fatigue failure of solder joints. However, this effect is not as prevalent as when an externally applied strain is present (i.e. when the joint is constrained between Cu and Al).
DISCUSSION
Heterogeneous coarsening was found to be the precursor to failure in 60Sn-40Pb joints at all temperature ranges tested in this work. Observations presented in the literature also show heterogeneous coarsening in solder joints in thermal fatigue. WildS has published optical micrographs of 60Sn-40Pb joints that show a coarsened region in the solder joint with a crack running through this region. However, no comment was made on the . They also state that the cracks run solely through the coarsened region. The coarsening in the Y enowine study was complicated as the solder joints do not experience simple shear deformation. However, the most extensive coarsening was found to occur in regions of the joint that encountered the highest shear strains.
Almost all observations in the literature of solder joint failures due to thermal fatigue state that the cracks run through the Ph-rich phase5,7,12,24. Results of this current work, however, show that it is the Sn-rich phase that fails, Figure 10 . The reason for this discrepancy could be that observations made in the literature were made well after final joint failure. The polishing _of these joints could then cause the solder material adjacent to the crack to fall out. On subsequent observations it would then appear that the joint failed through the Pb-rich phase when the actual failure pattern was lost during polishing.
Heterogeneous coarsening was found in this study to occur in regions of high shear strain, at the ends of the specimen, more or less parallel to the direction of shear. The mechanism for the formation of a heterogeneous coarse band is not fully understood but a qualitative explanation is as follows. The shear strain across the solder joint is uniform in deformation but becomes concentrated due to some heterogeneity in the solder. Shear One suggestion for eliminating thermal fatigue failures in 60Sn-40Pb joints is to match the thermal expansion coefficients of the materials joined by the solder. Besides . .
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being an expensive proposition, matching the materials only slightly delays failures. The optical micrographs in Figure 15 show that even the difference in thermal expansion between Cu and 60Sn-40Pb solder causes heterogeneous coarsening to occur. Eventually cracks will form in the coarsened region leading ultimately to failure.
Both high (35°C to 125°C) and low (-55°C to 35°C) temperature thermal cycles were detrimental to the fatigue life of 60Sn-40Pb solder joints. The high temperature cycling coarsened and failed in a manner identical to that for the full-55oC to 125oC cycle, Figure   10 . This indicates that the coarsening and failure is temperature dependant and occurs at the high temperature portion of the thermal cycle. However, the solder does coarsen and fail even in low temperature cycling. For the low temperature cycling the high portion of the cycle, 35°C, is still 0.69 of the homologous temperature. Therefore even room temperature and below cycling results in high temperature deformation processes in 60Sn-40Pb solder.
All failures in this study were found to occur in the bulk solder of the joint. This indicates that interfacial intermetallics have little, if any, influence on the thermal fatigue behavior of 60Sn-40Pb solder joints. Some work has shown29 that on isothermal shear to failure tests that 60Sn-40Pb joints do fail through interfacial intermetallics, but only at very rapid deformation rates. At slower deformation rates failures only occurred through the bulk of the solder. The thermal fatigue tests in this study induced strain rapidly via thermal shock (cold liquid bath to hot liquid bath) and interfacial failures were not observed. Therefore in actual use, where strains are induced more slowly, the solder joints of an electronic package should not fail through interfacial intermetallics .
SUMMARY AND CONCLUSIONS
Thermal fatigue tests were performed using a specimen designed to impose simple shear strain on solder joints in thermal cycling. 60Sn-40Pb joints were tested with a maximum shear strain of 19% imposed. The nominal thermal cycle was -55oC to 125°C.
The failures in 60Sn-40Pb joints were preceded by heterogeneous coarsening of the solder. Both the Pb and Sn-rich phases were found to coarsen. The Ph-rich phase was found to be denuded of precipitates. The heterogeneous coarsening was due to strain imposed in thermal cycling by the thermal expansion differences between joined materials.
Only homogeneous coarsening was observed in unconstrained bulk solder specimens.
Heterogeneous coarsening was also observed when the only strain imposed was due to the difference in thermal expansion between the solder and the joined material. This
indicates that by designing a joint to have matched expansion coefficients only delays thermal fatigue failures, it does not eliminate them.
The heterogeneous coarsening arises at some heterogeneity in the solder that ... 
